A novel 4-methylpyridinium 3-nitrophthalate (4MP3NP) was synthesized and the crystals were grown by using slow evaporation method. The structural data of the grown crystal was collected by single crystal X-ray diffraction. It revealed that the 4MP3NP crystal belongs to triclinic crystal system with a space group P1. Structure of the synthesized compound was established using SHELXL 97 program package. The crystalline nature and composition of the grown crystal was established using high resolution X-ray diffraction and FT-IR analyses. UV-Vis transmittance and photoluminescence studies revealed the optical transmission window and electronic transition mechanism of ions, respectively. The laser damage threshold of the grown crystal was estimated by Nd:YAG laser and these results were mutually related to specific heat capacity of the grown crystal. The third-order nonlinear optical susceptibility of the grown crystal was studied by Z-scan technique.
Introduction
Crystallization of nonlinear optical materials is a source of second and third harmonic generation which is the fundamental basis to understand the new physical phenomena and also to realize the technological applications such as optical switching, frequency conservation, terahertz generation and detection. Much progress has been made in the conversion process for harmonic generation and transparency in visible and ultraviolet regions for device applications. The progress in NLO materials is fascinating due to their outstanding properties, such as wide transparency, processing of optical information, high laser damage threshold, etc. [1] . Organic crystals possess better nonlinear optical properties than inorganic materials, in particular, for second and third harmonic generation. In this background, organic molecules are the researchers inspiration, due to their conjugative path of delocalized π-electron system which helps to induce a path for large hyperpolarizability * E-mail: mohan66@hotmail.com and appropriate orientation of the molecules. Hence, the organic molecules with large hyperpolarizability offer attractive advantages such as high speed data processing, optical information processing, electro-optic switches and optical bistability [2] [3] [4] [5] .
Pyridine and its derivatives act as guiding agents which leads to the synthesis of novel crystalline salts with interesting properties. 4-methylpyridine is a centrosymmetric aromatic compound and handling of a chiral pyridine crystal is more difficult, because of only dipoledipole and van der Waals interactions between the molecules, but no hydrogen bonds [6] . To overcome this problem, pyridine compounds are intercalated with organic or inorganic acids and the pyridine molecule is converted into pyridinium cations with hydrogen-bonds. These molecules are held together by van der Waals interactions, therefore, the amines, ions and acids easily interact [7] . Normally, organic compounds are made up of conjugated path connected with a donor and acceptor group on its both ends, which is the backbone to obtain third order nonlinear susceptibility, widely used in the area of photoand electrochemical applications [8] . Hence, in the recent trends, the search for novel materials with large hyperpolarizabilities, high melting temperature and elongation of π-conjugated system has been observed [9] . The scope of present work includes the growth, structural properties, optical transmission, thermal and third order nonlinear optical properties, laser damage threshold and specific heat properties of the new organic 4-methylpyridinium 3-nitrophthalate (4MP3NP) single crystal.
Material synthesis, solubility and crystal growth
4-methylpyridine (Merck; 99 % purity) and 3-nitrophthalic acid (Spectrochem; 99.8 % purity) were used as starting materials for the synthesis of 4-methylpyridinium 3-nitrophthalate compound. The calculated amounts of starting materials were taken in equimolar ratio and dissolved in water solvent. To attain homogeneous mixing, the solution was continuously stirred for about 5 h and the precipitate of 4MP3NP crystalline substance was obtained at 35°C using a constant temperature bath. The reaction scheme of 4MP3NP is shown in Fig. 1 . The solubility of 4MP3NP in water was estimated from 35°C to 50°C using a constant temperature bath with an interval of 5°C. A finely grinded title material was added accordingly into water and the solution was stirred continuously to reach homogeneous mixed solution. The solution was kept at a constant temperature of the bath fixed at 35°C with an accuracy ±0.01°C. 10 mL saturated solution was pipetted out and poured in a Petri dish. It was dried in an open atmosphere and weighed. The same process was followed for different temperatures and the solubility curve of 4MP3NP was drawn as shown in Fig. 2 . From this curve, it is noticed that the concentration of 4MP3NP solute increases with increasing temperature in deionized water and consequently, the title compound has positive temperature coefficient of solubility. The purification of starting materials is needed to grow transparent crystals by low temperature solution growth method. Hence, the synthesized compound was subjected to further recrystallization process and proper filtration. The saturated homogeneous solution was allowed for solvent evaporation and the supersaturated solution yielded good quality 4MP3NP crystals in a period of four weeks with dimension up to 17 mm × 14 mm × 7 mm. The photograph of the grown crystal is shown Fig. 3 .
Results and discussion

X-ray diffraction studies
The crystal structure was determined from single-crystal X-ray diffraction data. The intensity data was collected on a Bruker Kappa APEXII single crystal X-ray diffractometer with graphite monochromated MoKα radiation (λ = 0.71073 Å) Synthesis, growth, structural, thermal and third order nonlinear optical properties. . . at 293 K [10] . The structure was solved by the direct method and refined by the full matrix leastsquares technique on F 2 employing the SHELXL 97 program package [11] . The asymmetric unit of the title compound comprises of two crystallographically independent 4-methylpyridinium cations and two crystallographically independent 3-nitrophthalate anions (Fig. 4) . The crystallographic data of the title compound are listed in Table 1 .
The structure of 4MP3NP crystal was studied at the Cambridge Crystallographic Data Centre (CCDC# 1455686). Fig. 4 and Fig. 5 show the OR-TEP diagram and crystal packing of 4MP3NP crystal, respectively. The normal probability plot analysis [12] for both bond lengths and angle shows that the difference between the two symmetryindependent molecules is of statistical nature. All the bond lengths [13] and angles are within normal ranges and they are comparable with those in closely related structures [14] . A proton transfer from the carboxyl group of the acid to the atoms N4 and N3 of 4-methyl pyridine resulted in the formation of a salt. This protonation led to widening of C25N4C26 and C17N3C21 with the angles of the pyridine rings of 119.3°(2) and 120.9°(2), compared to 115.3° (2) in the unprotonated pyridine. This type of protonation has been observed in various pyridine acid complexes [15] . The examination of pyridinium rings shows that these units are planar with a mean deviation of 0.001(2) and 0.001(2) Å for atoms C21 and C24, from the mean planes defined by the six constituent atoms. The dihedral angle between the 4-methylpyridinium cation and 3-nitrophthalate anion are 13.2°(2) and 72.6°(2) for the both molecules, respectively. In both molecules, the protonated 4-methylpyridinium cation is essentially planar, with maximum deviations of 0.008(2) for atom C20 and 0.012(2) Å for atom C25. The entire 4-methylpyridinium cation (C23-C28/N4) is disordered, which is confirmed by the large displacement parameters for C and N atoms and short C-C and C-N bond lengths. The disorder over two positions is modeled and the geometry is standardized by soft restraints. In the title crystal, the cations and anions are linked via N-H. . . O, O-H. . . O and C-H. . . O hydrogen bonds, forming a two-dimensional network. The hydrogen bond geometry is shown in Table 2 . Symmetry transformations was used to generate equivalent atoms: Powder X-ray diffraction pattern of the grown 4MP3NP crystal was recorded in 2θ range of 10°to 80°by employing Bruker diffractometer with CuKα radiation (Fig. 6) . The prominent Bragg peaks have been indexed at specific points within 2θ range which confirmed the crystalline nature of the title compound.
The crystalline perfection of the grown crystal was examined by using HR-XRD method. Fig. 7 shows the high resolution diffraction curve recorded for 4MP3NP single crystal using a multicrystal X-ray diffractometer with MoKα 1 radiation. As shown in Fig. 7 , the DC contains a single peak without any splittings which shows that this material is free from structural grain boundaries. However, FWHM of recorded curve (53 arc sec) is much higher than the value expected by the plane wave theory of dynamical X-ray diffraction [16] .
From the peak position, it shows that the particular angular deviation of glancing angle and the scattered intensity are much more shifted in the negative direction. This single broadened rocking curve with absence of any other satellite splits is ascribed to the defects such as dislocations, Schottky defects, and vacancy defects. It clearly indicates that the crystal contains vacancy type of defects. However, these defects may be due to the presence of impurity atoms included in the solvent atoms or molecules of crystalline material. The point defects are unavoidable to some extent due to the thermal and growth condition. If the concentration is high, the FWHM would be much higher and the point defects with lesser density often lead to structural grain boundaries. Even in quantitative analysis, unavoidable defects are important in the case of phase matching applications [17] . In this investigation, the single diffraction peak with low FWHM indicates that the crystalline perfection is fairly good.
FT-IR spectral studies
Infrared spectroscopy is a useful tool for identification of the structure of molecules like coordinated compounds, providing information on the bending nature and confirmation of the material properties [18] . The infrared spectrum of 4MP3NP crystal was recorded in the range 4000 cm −1 to 400 cm −1 using KBr pellet technique (Fig. 8 ). Aromatic ring O-H stretching vibrations occurred at 3107 cm −1 . The peaks occurring at 2918 cm −1 and 2859 cm −1 are due to CH 3 asymmetric and symmetric stretching. The C=N stretching vibration occurred at 1533 cm −1 . Frequencies appearing at 1638 cm −1 and 1568 cm −1 correspond to asymmetric and symmetric stretching vibrations, of COO − group, respectively. The asymmetric and symmetric stretching vibrations of nitro group are found at 1458 cm −1 and 1339 cm −1 . The C-O stretching vibration appeared as a strong band around 1264 cm −1 . The FT-IR spectral assignments of the functional groups of the title compound are presented in Table 3 .
UV-Vis-NIR studies
The optical properties of 4MP3NP crystal have been studied using UV-Vis spectrometer in the wavelength range of 200 nm to 800 nm. UV-Vis spectral analysis provides important information about different types of electronic transitions from n → π * to σ → σ * . The optically polished 4MP3NP crystal was employed for recording the spectrum. The crystal was active in the entire visible region having good transparency of about 70 % and cut-off wavelength around 259 nm as shown in Fig. 9 .
The optical absorption coefficient with photon energy has been used to determine the refractive index and optical band gap energy of the crystal. The absorption coefficient α, reflectance R and the refractive index n can be derived from the following relations: 
where T is the transmittance and t is the thickness of crystal. The optical band gap E g can be calculated using the relation [19] : Fig. 10 shows the variation of (αhν) 2 with hν [20] [21] [22] in the fundamental absorption region. The band gap of the crystal was calculated from linear part of the Tauc plot and it was found to be 4.7 eV.
Theoretically, the band gap energy was calculated by using the relation: where h is the Planck constant, c is the velocity of light and λ is the cut-off wavelength. The calculated value was verified with Tauc plot. The optical transmission range and transparency cutoff are important for NLO applications, since the title compound may be useful for fabrication of NLO devices.
Photoluminescence spectral studies
Photoluminescence analysis is a simple, versatile and nondestructive method of investigating electronic structure of materials. PL spectrum is used to ascertain the energy distribution and density of states. It is an important tool for optical process in recombination state, i.e. when light with energy greater than the band gap energy is incident on a material, which leads to the creation of electron-hole pairs in the excited states. At the excitation stage, the relaxation of electrons may occur and these electrons return to the ground state with the emission of photon energy. Due to the defect free excitation, the recombination of photon energy induces high energy phonons [23] . The PL spectrum was recorded for 4MP3NP crystal excited at 250 nm (Fig. 11) . A strong emission peak is observed at 419 nm. It covers the blue region of the visible spectrum which may be attributed to π* → n transition. The blue emission of 4MP3NP suggests that the title material can be used in blue light emitting applications such as blue LEDs and optoelectronic devices.
Laser damage threshold studies
Laser damage threshold (LDT) of the crystal is an important factor and it can be used to analyze the withstand capacity of optical material by finding a laser damage spot caused by application of induced laser radiation. The material shows the damage due to strain and exhibits various inclusions like melting, breaking, flawing and amputating, etc. The LDT measurement was made on the plane surface of highly polished material. Hence, it produced minimum surface damage and increased the surface damage threshold. The crystal sample was mounted on an X-Y translator and the output intensity of laser, was controlled with a variable attenuator, which was delivered to the crystal surface. The energy density E of the laser beam at which the crystal gets damaged was measured.
The surface laser damage threshold of 4MP3NP crystal was calculated using the relation: 
Thermal studies
Thermogravimetric and differential thermal analysis (TGA-DTA) was used to study the decomposition of the compound at a heating rate of 10°C/min using NETZSCH STA 449F3 instrument. Thermal stability and melting point of 4MP3NP powder sample were determined.
The resulting TGA-DTA curve of 4MP3NP is shown in Fig. 12 . In the TGA curve, decomposition occurred at three different stages, when the material was heated from room temperature to 172°C. As seen from the figure, no major weight loss occurred before 172°C, which clearly evidences that the material is stable up to 172°C. It reveals that there is no water molecule present in the compound. The first stage of the weight loss started at 172°C and continued up to 236.6°C. In the corresponding DTA curve, the sharp endothermic peak observed at 162°C confirms the melting point of the crystal. The second weight loss continued up to 344.5°C and it indicates that the material decomposes by emitting gaseous products, i.e. CO, CO 2 , NO 2 and also hydrocarbons and amino groups. The final stage of decomposition occurred between 344.5°C and 800°C, where the final loss of weight of the compound was taking place. The complete decomposition occurred at the final temperature [24] . Based on the results, it can be stated that the 4MP3NP crystal is stable up to 162°C which is useful for NLO applications.
Specific heat measurement
Specific heat measurement of 4MP3NP crystal was carried out by DSC studies in the temperature range from 30°C to 95°C at a heating rate of 3.5°C/min. Fig. 13 shows the variation of specific heat capacity as a function of temperature. It is observed that the specific heat capacity increases with increasing temperature.
The specific heat of solids is one of the parameters to determine the laser damage threshold of crystal, i.e. threshold intensity (I) is directly proportional to square root of specific heat (C) of the material [25, 26] :
where K is the thermal conductivity, ρ is the density, R is the reflectivity and τ p is the pulse Fig. 13 . Plot of specific heat capacity vs. temperature of 4MP3NP crystal.
duration. The change of thermal energy occurring in the crystal is associated with the temperature variation:
where C ν is the specific heat and ∆T is the temperature variation. From this relation, it is observed that the temperature gradient is inversely proportional to specific heat [27] .
When laser radiation penetrates into a crystal, part of the light absorbed by the crystal is converted into heat. Hence, the temperature gradient formed on the surface of the crystal causes its thermal expansion. If the thermal expansion coefficients of the crystal are anisotropic, then thermal energy observed on the surface causes its damage [28] . The cracks occurrence on the crystal during the interaction of laser was recorded through a high resolution optical microscope with a computer. The input laser energy at which the crystal get cracks was measured. The crystal has high specific heat capacity at low temperature gradient. Hence, the laser damage threshold is high for the crystal since it has low temperature gradient. The measured specific heat capacity of the compound is compatible with laser damage threshold value of 4MP3NP crystal.
Z-scan studies
Third order nonlinear optical properties of organic materials were studied by Z-scan technique.
Z-scan technique is a standard and sensitive tool to measure the intensity dependent nonlinear optical properties for investigating both sign and magnitude of nonlinear refraction n 2 and nonlinear absorption coefficient β. This method consists in measuring the nonlinear phenomena by placing a sample with or without aperture in the far field of focus as a function of Z position with respect to the focal plane. A He-Ne laser beam of 632 nm was passed for molecular excitation. By monitoring the beam transmitted through a sample with the aperture in the open arm and closed arm, it is possible to extract the nonlinear refractive index n 2 and nonlinear absorption coefficient β. Fig. 14 shows a characteristic closed aperture Z-scan plot of the title crystal for normalized transmittance of the incident intensity. The closed curve depicts the prefocal valley to postfocal peak arrangement which clearly suggests the nonlinear refractive index and nonlinear susceptibility of 4MP3NP crystal. Hence, a valley followed by a peak from the closed aperture Z-scan of normalized transmittance is the signature of positive refractive nonlinearity and this behavior is ascribed to selffocusing effect [29, 30] . The value of nonlinear refractive index n 2 was obtained from the difference between the normalized peak and valley transmittance ∆T p − v :
where ∆Φ o is the on-axis phase shift at the focus, S is the linear transmittance aperture which can be calculated using the relation:
where r a is the radius of the aperture and ω a is the diameter of the spot size in the nearest position of aperture. The nonlinear refractive index n 2 was determined by Z-scan measurement with the closed aperture:
where k is the wave number (k = 2π/λ), I o is the intensity of laser beam at the focus (Z = 0) and L eff = [1 -exp(-αL)])/α is the effective thickness of the sample, where α is the linear absorption and L is the thickness of the sample [31] . The intensity distribution of a Gaussian laser beam could be symmetric around the focus (Z = 0) where it has minimum transmittance. The nonlinear absorption coefficient β was estimated by using the open aperture Z-scan data:
where ∆T = 1 -T v is the transmittance difference between normalized condition (T = 1) and valley point at the open aperture Z-scan data [32, 33] , T v is the transmittance of the valley determined from the open aperture curve. The value of β could be positive for two photon absorption and negative for saturable absorption.
The real and imaginary part of the third order nonlinear optical susceptibility χ (3) was estimated using:
where o is the vacuum permittivity, c is the velocity of light in vacuum, n o is the linear refractive index of the sample and λ is the wavelength of laser beam.
The third order nonlinear optical susceptibility was calculated using the relation:
The second order hyperpolarizability has been explained by nonlinear induced polarization per molecule which is related to the third order bulk susceptibility:
where N is the density of the molecules and L is the local field factor of Lorentz approximation which is equal to:
where n 0 is the refractive index of the medium. From the above analysis, nonlinear refractive index and nonlinear absorption coefficient β from Zscan data were found to be 1.409 × 10 −11 cm 2 /W and 2.0583 × 10 −4 cm/W. By using n 2 and β values, the third order nonlinear susceptibility χ (3) = 1.8547 × 10 −7 esu and second order hyperpolarizability (γ h = 1.126 × 10 −7 esu) were estimated and given in Table 4 .
The contribution of nonlinear refractive index of 4MP3NP crystal shows that the real part of the susceptibility is relatively greater than imaginary part, correspondingly, the high value of γ h and χ (3) of the order of 10 −6 esu are due to the presence of large and fast polarizability of a π-electron system. Hence, 4MP3NP single crystal can be utilized by various applications such as nonlinear spectroscopy, optical switching, optical logic gates and optical limiting.
Conclusions
Organic single crystal of 4MP3NP was grown by slow evaporation technique. X-ray diffraction study confirmed that 4MP3NP crystal belongs to triclinic system with P1 space group. The crystalline perfection was studied using HR-XRD. The presence of functional groups in the grown crystal was confirmed by FT-IR spectral analysis. UV-Vis transmittance studies provided the transparency, cut-off wavelength and band gap energy of 4MP3NP crystal which confirmed importance of the material for optical devices. Photoluminescence spectral studies showed that the 4MP3NP single crystal has blue fluorescence emission, hence the material can be used in the fabrication of blue LEDs and optoelectronic devices. Laser damage threshold value of 4MP3NP (4.27 GW/cm 2 ) is appropriate for the fabrication of NLO devices. From TGA-DTA thermal studies, it was concluded that the grown crystal is stable up to 162°C. The specific heat capacity study implied that the 4MP3NP crystal has high optical damage value and is suitable to operate in high temperature devices. The third order nonlinear optical parameters were estimated by Z-scan technique which confirmed the suitability of the materials to be used in third order harmonics generation. Thus, 4MP3NP seems to be a promising NLO material as the crystal possesses better optical, thermal and laser damage threshold properties compared to many well-known organic crystals. 
